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Dark Stuff

And it’s more plentiful than the 
“truths” of the Standard Model
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• Plethora of observational evidence

• Simulations are in good agreement

• Necessary for structure formation

• No direct measurements !

Dark Matter:



Theoretical Landscape: 
What can Dark Matter be ?
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• Popular candidates are WIMPs

• WIMPS: stable, neutral, weakly interacting massive particles  

• Originally motivated by weak freeze out

• Neutralinos from SUSY

• Current theoretical / observational limits:

103GeV � mχ � 1GeV

σχ,n < 10−43cm2

Favored candidate: 



Rates:

Expected WIMP rates < 10-2 interactions/kg/year

So detector masses several kg to tons, and super 
long (years) runtimes !

C.f.  A dozen bananas in 1 day has > 106 decays

Major investment in shielding and purity

Direct Detection:

• Expected Exponential spectrum

• Rate driven by cross-section, 

astrophysical distributions and nuclear 

form factors



Experimental Landscape:
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Figure 5.18: Comparison of limits from this analysis to previous results in the scattering

cross section versus WIMP mass plane, assuming spin-independent elastic scattering. The

90% CL exclusion limits from this analysis (thick, black) disfavor parameter space consis-

tent with CoGeNT [189] (orange, filled), DAMA/LIBRA [176] (gray, filled), and CRESST-

II [154] (cyan, filled). An alternative calculation of the CoGeNT allowed region after sub-

tracting the expected surface event background [190, 192] (orange, dotted) is also shown,

as well as an alternative calculation of the DAMA/LIBRA allowed region which allows

for larger quenching factors at low energy [82] (gray, dotted). We ignore the effect of ion

channeling on the DAMA/LIBRA allowed regions since recent analyses indicate channeling

should be negligible [194, 282]. Exclusion limits from the combined CDMS II data with a

10 keV threshold [153] (dash-dotted), the low-threshold analysis from the shallow site [186]

(dashed), XENON100 [54] (green, solid), and a low-threshold analysis of the XENON10

data [156] (red, solid) are also shown.

galactic escape velocity of vesc = 544 km/s [137, 146]. The resulting limits from Fig. 5.4a

are compared to the parameter space consistent with other experiments in Fig. 5.18.

As shown in Fig. 5.18, these results disfavor an interpretation of the DAMA/LIBRA

and CRESST-II experiments in terms of spin-independent scattering of WIMPs with mχ <

10 GeV/c2 at greater than 90% confidence, given the standard assumptions about theWIMP

coupling and halo model discussed above. At the time of publication, these results [144]

were the most constraining in the 5–9 GeV/c2 mass range, although more recent results

from a low-threshold analysis of the XENON10 data provide stronger constraints [156].

Given the uncertainties in the WIMP model, astrophysics models, and detector response at

low energy, these results still provide useful constraints for models in which the XENON10
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Many experiments 
are in contention

Some experiments 
report excesses 
at low energies

Others have 
limits which are 
in disagreement

If these are 
signals, then 
Dark Matter might 
be Light WIMPs
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Lattice

WIMPs (neutral and massive) will 
interact more with nuclei than e’s

Interaction w/ lattice nuclei -> 
phonons i.e heat

CDMS: 
detector physics



Recent addition from CDMS II -Si

 CDMS II used Ge and Si detectors at Soudan

 Ge detectors showed 2 candidates in 2010 analysis 
(arXiv:0912.3592)

 Low threshold limits from Ge 2011 (arXiv:1011.2482v3)

Interesting results recently published from 8 Si 
detectors with 140.23 kg-day exposure.(arXiv:1304.4279)

 Si has better kinematic matching to light WIMPs
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Ionization yield

Recoil Energy

Timing -> surface discrimination

Surface 
Electrons

Multidimensional Discrimination

7.5 cmØ 1 cm thick !250g
4 phonon sensors on 1 face
2 ionization channel
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phonons & ionizations measured
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Yield is our primary 
discriminator between 
Electron  and Nuclear 
Recoils

CDMS II had 1:104 ER 
rejection in Yield.

However, some ER 
points droop into the 
NR band !

 ➔ Surface Events

CDMS II:
 Yield Discrimination

CDMS II Detection:

Yield =
Ionization

Phonon

! source: Electron Recoil

N source: Nuclear Recoil

• Excellent ! rejection 1:104

• 0 background experiment 
under 10 keV

Surface Events

• Some drooping (!)  !!
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WIMPs  expected
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Expectations of the Si background

Neutrons 

 Active veto rejects 
cosmogenic neutrons.

Passive shielding stops 
radiogenic neutrons

Expected background < 0.13
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Surface events 

They are rejected by timing cuts

Expected ~ 0.47



Results from the Si analysis 

 Post unblinding and timing cuts, stability 
and multiples check reveal 3 good candidates!"#$%"&%"'()*+,$-+(.(/0-*1(-%2%"'(3,-(
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!"#$%$"&'(*(
!"#$%$"&'(+( 7-20

20-30

30-100

(keV bins)
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served in Detector 3 of Tower 5. These detectors were
near the middle of their respective tower stacks. Fig. 2
illustrates the distribution of events in and near the sig-
nal region of the WIMP-search data set before (top) and
after (bottom) application of the phonon timing criterion.
Fig. 3 shows an alternate view of these events, expressed
in “normalized” versions of yield and timing that are
transformed so that the WIMP acceptance regions of all
detectors coincide.

After unblinding, extensive checks of the three candi-
date events revealed no data quality or analysis issues
that would invalidate them as WIMP candidates. The
signal-to-noise on the ionization channel for the three
events (ordered in increasing recoil energy) was measured
to be 6.7σ, 4.9σ, and 5.1σ. A study on possible leakage
into the signal band due to 206Pb recoils from 210Po de-
cays found the expected leakage to be negligible with
an upper limit of < 0.08 events at the 90% confidence
level. The energy distribution of the 206Pb background
was constructed using events in which a coincident α par-
ticle was detected in a detector adjacent to one of the 8
Si detectors used in this analysis.

This result constrains the available parameter space
of WIMP dark matter models. We compute upper lim-
its on the WIMP-nucleon scattering cross section using
Yellin’s optimum interval method [25]. We assume a
WIMP mass density of 0.3 GeV/c2/cm3, a most probable
WIMP velocity with respect to the galaxy of 220 km/s,
a mean circular velocity of Earth with respect to the
galactic center of 232 km/s, a galactic escape velocity of
544 km/s [26], and the Helm form factor [27]. Fig. 4
shows the derived upper limits on the spin-independent
WIMP-nucleon scattering cross section at the 90% con-
fidence level (C.L.) from this analysis and a selection of
other recent results. The present data set an upper limit
of 2.4× 10−41 cm2 for a WIMP of mass 10 GeV/c2. We
are completing the calibration of the nuclear recoil energy
scale using the Si-neutron elastic scattering resonant fea-
ture in the 252Cf exposures. This study indicates that our
reconstructed energy may be 10% lower than the true re-
coil energy, which would weaken the upper limit slightly.
Below 20 GeV/c2 the change is well approximated by
shifting the limits parallel to the mass axis by ∼ 7%. In
addition, neutron calibration multiple scattering effects
improve the response to WIMPs by shifting the upper
limit down parallel to the cross-section axis by ∼ 5%.

A model of our known backgrounds, including both
energy and expected rate distributions, was constructed
for each detector and experimental run for each of the
three backgrounds considered: surface electron recoils,
neutron backgrounds, and 206Pb recoils. Simulations of
our background model yield a 5.4% probability of a sta-
tistical fluctuation producing three or more events in our
signal region.

This model of our known backgrounds was used to in-
vestigate the data in the context of a WIMP+background
hypothesis. We performed a profile likelihood analysis,
including the event energies, in which the background
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FIG. 4. Experimental upper limits (90% confidence level) for

the WIMP-nucleon spin-independent cross section as a func-

tion of WIMP mass. We show the limit obtained from the

exposure analyzed in this work alone (blue dotted line), and
combined with the CDMS II Si data set reported in [23, 28]

(blue solid line). Also shown are limits from the CDMS

II Ge standard [17] and low-threshold [29] analysis (dark
and light dashed red), EDELWEISS low-threshold [30] (long-
dashed orange), XENON10 S2-only [31] (dash-dotted green),
and XENON100 [32] (long-dash-dotted green). The filled re-

gions identify possible signal regions associated with data

from CoGeNT [33] (dashed yellow, 90% C.L.), DAMA/LIBRA

[10, 34] (dotted tan, 99.7% C.L.), and CRESST [12, 35] (dash-
dotted pink, 95.45% C.L.) experiments. 68% and 90% C.L.

contours for a possible signal from these data are shown in

light blue. The blue dot shows the maximum likelihood point

at (8.6 GeV/c
2
, 1.9× 10

−41
cm

2
).

rates were treated as nuisance parameters and the WIMP
mass and cross section were the parameters of interest.
We profiled over probability distribution functions of the
rate for each of our known backgrounds. The highest like-
lihood was found for a WIMP mass of 8.6 GeV/c2 and
a WIMP-nucleon cross section of 1.9×10−41 cm2. The
goodness-of-fit test of this WIMP+background hypoth-
esis results in a p-value of 68%, while the background-
only hypothesis fits the data with a p-value of 4.5%.
A profile likelihood ratio test finds that the data favor
the WIMP+background hypothesis over our background-
only hypothesis with a p-value of 0.19%. Though this
result favors a WIMP interpretation over the known-
background-only hypothesis, we do not believe this result
rises to the level of a discovery.

Fig. 4 shows the resulting best-fit region from this
analysis (68% and 90% confidence level contours) on
the WIMP-nucleon cross-section vs. WIMP mass plane.
The 90% C.L. exclusion regions from CDMS II’s Ge
and Si analyses and EDELWEISS low-threshold analy-
sis cover part of this best-fit region, but the results are
overall statistically compatible. There is much stronger
tension with the upper limits from the XENON10 and

Light WIMP parameter space today

Low thresh. Ge
Regular Ge

EDELWEISS low 
thresh.

XENON 100
 XENON S2

Combined Si
Limit from this

CoGeNT
 CRESST

DAMA/LIBRA
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Likelihood test favor WIMP+ background at 3 σ



Interlude

The Low Mass WIMP space has become 
more interesting.

We must design experiments clearly 
probing mWIMP < 10 GeV/c2 space.

Thresholds must be << 1 keV.

With this in mind ...
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Low mass χ ☞ CDMS

DM

Ge

mχ = 10GeV

ER ≈ 1keV

Most experiments have 
thresholds > 0.5 keV 

and cannot detect such 
signals, with high 

confidence.

Eph ≈ 0.85keV

Eq ≈ 0.15keV
7

Challenges at low energies
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CDMS -
low ionization threshold experiment

Ionization only experiment

Utilizes novel electron 

phonon physics

Potentially 85 eVee threshold
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Vb

TES Bias voltage accelerates 
electrons / holes
 
e/h have “terminal 
velocity”

This “excess energy” is 
radiated as Luke phonons

Noise ~ constant with Vb
ELuke = Ne/h × eVb

Small Ne/h  ➝ increase Vb ➝ 
Clear detection of low energy recoils

Luke phonons: lower thresholds
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1.3  and 10.4 keV lines are seen with 
great resolution,

3.3 % and 1.9 % respectively.

In electron 

equivalent units, 

spectral lines 

show sharp 

resolution 

demonstrating 

Luke gain

CDMSlite data
from ~ 7 kg-days
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µ= 0.010136 != 0.013381

The RMS (σ) of base line 
noise indicates the smallest 
energy pulses we can detect.

Threshold

σ[eVee] ≈ 13.38 eVee
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Analysis is in final stage.

Checking various cut efficiencies.

Excess noise under 200 eVee

We are designing cuts against such noise.

noise event

Two “events”  around 200 eVee

time (ms) time (ms)

A
rb

.

A
rb

.
Current Status
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Projected Low mass landscape

21

8 kg-day Monte Carlo



Conclusions

3 events in signal region at 140 kg-day exposure.
Likelihood test favors WIMP+background at ~3σ

The maximum likelihood occurs at mWIMP = 8.6 GeV/c2

 and σSI = 1.9x10-41 cm2

Si analysis

CDMSlite

Novel method to lower ionization thresholds has 
been successfully tested.

Around 7 kg-days of data has been collected, and 
final analysis is underway.

Expect to reach ~170 eVee threshold, and provide 
strong commentary on Low mass WIMPS (O(10)GeV/c2)
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Some Back up (Si)
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Expectations for Si detectors
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Si is a better light 
WIMP detector due to
kinematic matching.
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Results from the Si analysis
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Detector Recoil Energy Yield Charge Signal to 
Noise Date 

T4Z3 9.51 keV 0.27  July 1, 2008 

Raw Phonon Traces Raw Ionization Traces 

!"#$%$"&'()(

Detector Recoil Energy Yield Charge Signal to 
Noise Date 

T4Z3 12.29 keV 0.23  Sep 6, 2008 

Raw Phonon Traces Raw Ionization Traces 

!"#$%$"&'()(

Detector Recoil Energy Yield Charge Signal to 
Noise Date 

T5Z3 8.20 keV 0.32  March 14, 2008 

Raw Phonon Traces Raw Ionization Traces 

3 Events:
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Detector Recoil 
Energy Yield 

Charge 
Signal to 

Noise 
Date 

Event 1 T4Z3 9.51 keV 0.27  July 1, 2008 

Event 2 T4Z3 12.29 keV 0.23  Sep 6, 2008 

Event 3 T5Z3 8.20 keV 0.32  March 14, 
2008 



Post Unblinding checks

Events: occurred during stable periods, well 
reconstructed, not multiple scatters

Surface events 

Using 3 NR sidebands, good estimates were obtained
0.41 (-.08 +.20 stat.) (-.24 +.28 syst.)

206Pb recoil estimates limited to <0.08 events
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Profile Likelihood Analysis

• Incorporated data-driven background 
models into a WIMP+background 
likelihood analysis.

• Monte Carlo simulations of the 
background-only model indicate the 
probability of a statistical fluctuation 
producing three or more events 
anywhere in our signal region is 5.4%.

WIMP model

Surface Leakage

Neutrons Pb recoils

Note: these are the 
Normalized 

Distributions!

0.7 expected events
Surface + n + Pb

Tower 4, Detector 3
Data driven background + 
WIMP hypothesis is tested 
by likelihood analysis

5.4% Probability of 
getting 3 event from 
Background only 
hypothesis.

Likelihood analysis
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Profile Likelihood Analysis

• Incorporated data-driven background 
models into a WIMP+background 
likelihood analysis.

• Monte Carlo simulations of the 
background-only model indicate the 
probability of a statistical fluctuation 
producing three or more events 
anywhere in our signal region is 5.4%.

WIMP model

Surface Leakage

Neutrons Pb recoils

Note: these are the 
Normalized 

Distributions!

0.7 expected events
Surface + n + Pb

Tower 4, Detector 3
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Profile Likelihood Analysis

• Incorporated data-driven background 
models into a WIMP+background 
likelihood analysis.

• Monte Carlo simulations of the 
background-only model indicate the 
probability of a statistical fluctuation 
producing three or more events 
anywhere in our signal region is 5.4%.

WIMP model

Surface Leakage

Neutrons Pb recoils

Note: these are the 
Normalized 

Distributions!

0.7 expected events
Surface + n + Pb

Tower 4, Detector 3
Data driven background + 
WIMP hypothesis is tested 
by likelihood analysis

5.4% Probability of 
getting 3 event from 
Background only 
hypothesis.

Likelihood analysis

Kevin A. McCarthy  /  APS April Meeting / 2013

Profile Likelihood Analysis

• Incorporated data-driven background 
models into a WIMP+background 
likelihood analysis.

• Monte Carlo simulations of the 
background-only model indicate the 
probability of a statistical fluctuation 
producing three or more events 
anywhere in our signal region is 5.4%.
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Surface Leakage

Neutrons Pb recoils

Note: these are the 
Normalized 

Distributions!

0.7 expected events
Surface + n + Pb

Tower 4, Detector 3
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Interpretation of 3 candidates

A likelihood ratio test favors WIMP+background* 
hypothesis over the known background estimate as 
the source of these events at the 99.81% CL(~3σ).

The maximum likelihood occurs at 
a WIMP mass of 8.6 GeV/c2 and WIMP-nucleon cross 
section of 1.9x10-41 cm2

35

* for background, data driven pdfs of surface leakage 
(0.41 measured), neutrons (<0.13) and Pb recoils 
(<0.08) were used. Zero charge leakage estimates were 
small and were not factored in. 



CDMS II : Surface Events

CDMS II Detection (Surface Events):

-3V

e-

h+

!

!

Surface Bulk

Time (!s) Phonon Delay

Ph
on

on
 R

is
in

g 
Sl

op
e

Sur
fac

e

Bulk

1:200 rejection 
at ~50% 
neutron 

acceptance

13

Phonon pulse shape tags surface events
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